Introduction
Influenza is a major respiratory disease in horses, and results from infection with H7N7 or H3N8 influenza A viruses. Equine influenza viruses of the H7N7 subtype have not been isolated since 1980 (Webster, 1993) , whereas H3N8 viruses continue to circulate in equine populations throughout most of the world and are essentially enzootic in the USA and western Europe.
Haemagglutinin (HA) is the major surface protein of influenza A viruses. Antigenic drift (the accumulation of point mutations) in the gene coding for the HA of human influenza A viruses eventually renders vaccine strains obsolete, as a result of which the virus composition of human influenza vaccines is reviewed annually. The antigenicity of the HA of the human H3 influenza A virus subtype has been studied in detail, and the locations of five major antibody binding sites (A to E) have been proposed (reviewed by Wiley & Skehel, 1987) . The antibody binding sites of equine H3 HA have not been completely mapped, but as it is believed that human and equine H3 influenza viruses share a common ancestry (Daniels et al., 1985) , it is thought that the antigenic sites of the equine H3 HA1 may be equivalent to those proposed for human H3.
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The performance of commercial equine influenza vaccines in the field has frequently been unsatisfactory. Whilst antigenic drift has been reported for equine influenza A H3N8 viruses (Hinshaw et al., 1983; Berg et al., 1990; Endo et al., 1992) , there have been wide discrepancies in the conclusions made about the significance of such antigenic variation with respect to vaccine-induced immunity. In 1989, during a major epizootic of equine influenza in the UK, horses vaccinated as recently as 4 weeks previously became infected (Livesay et al., 1993) . Similar observations have since been made in the USA . The most recent virus strains included in vaccines used over this period were Fontainebleau/79 and Kentucky/81. Antigenicity and sequencing studies suggested that significant antigenic drift contributed to reduced vaccine efficacy , and as a result the Suffolk/89 isolate was incorporated in some vaccines. At an international conference on equine influenza in 1992 , it was recommended that more intensive international surveillance of equine influenza virus be carried out with a view to updating vaccines with the most representative recent virus strains approximately every 4 years.
Reported here are the results of an international investigation to further characterize antigenic and genetic evolution of equine H3N8 influenza viruses worldwide, an understanding of which is essential to the process of updating vaccines. This study included sequencing and antigenic analysis of virus isolates from Europe, the USA, South America, Africa and Hong Kong. Equine influenza virus also circulates in mainland China where large epizootics have been reported (Guo et al., 1991 (Guo et al., , 1992 , but isolates were not available for the present study. Australia and New Zealand also have large horse populations but have so far been free from the disease.
Methods
Viruses and viral R N A . The sources of equine influenza A (H3N8) virus HA1 sequences are summarized in Table 1 Switzerland/88 (Sw/88) , and from South Africa, Carrot/87 (Car/87). All virus isolates were grown in 9 to 11-day-old embryonated hens' eggs. Virus for extraction of RNA was purified and viral RNA prepared as described before .
Nucleic acid sequencing. Nucleic acid sequencing of the HA1 portion of the HA gene of the European isolates Sx/89, E11/89, Aru/91 and Lam/92 was essentially carried out according to the previously described methods of Binns et aL (1993) . Sequencing of the USA and Argentinean isolates, and of N/1/93 and N/2/93 was done directly from uncloned PCR-amplified products.
Phylogenetie analysis. Phylogenetic analysis was carried out using the PHYLIP software package, version 3.4 (Felsenstein, 1993) . Nucleotide sequence and amino acid sequence distance matrices were produced with DNADIST and PROTDIST respectively. Branch lengths of nucleotide and amino acid trees were calculated with FITCH. Where reciprocal tests between pairs of viruses and matching antisera were performed, a dendrogram was compiled by calculating the taxonomic distance coefficient (Beyer & Masurel, 1985) . The taxonomic distance coefficient (a e) is given by the following equation
where i is any antiserum, n = number of antisera, j and k are two virus strains compared with each other, X~ and Xik = loga0 of the titre value of strains j and k, respectively, against antiserum i. All possible comparisons between the virus strains are performed, and a matrix constructed from the distance coefficients (d2). The distance, or resemblance, coefficients are then subjected to the weighted pair group method using the arithmetic averages, a numerical technique for defining groups (clusters) of organisms based on whole similarity. Simply, the two viruses with the highest resemblance were treated as a taxonomic unit. Subsequently, their coefficients with each of the remaining viruses were replaced with the arithmetic average of the coefficients of the pair. New matrices were formed with a reduced number of taxonomic units until all the viruses were linked together.
Results

Antigenic analysis with ferret antisera
Equine H3N8 influenza A viruses isolated around the world between 1963 and 1994 were examined in H I tests using ferret antisera raised to 13 H3N8 viruses. The geometric mean H I titres and the reactivity patterns of the equine H3N8 viruses with the panel of ferret antisera, obtained by comparison of M F D of titres, are presented in Table 2 . There were six groups of viruses exhibiting identical patterns of reactivity; the remaining viruses demonstrated a range of reactivities intermediate between these groups. The data indicated significant variation ( M F D >f 4) between post-1989 isolates and earlier isolates, including the vaccine strains Mia/63, Fon/79 and Ken/81. In addition, use of the ferret antisera demonstrated considerable antigenic variation among recent isolates with viruses isolated in the same year exhibiting different patterns of reactivity. Antigenic differences seen between isolates in H I tests with the post-infection equine sera reflected those seen with the ferret antisera. In particular, the sera taken from animals infected during 1992/1993 failed to cross-react with pre-1989 antigens (Mia/63, Fort/79 and Ken/81).
In order to determine antigenic interrelationships, taxonomic analysis was performed on G M T from reciprocal HI tests between matching pairs of antisera and viruses. The taxonomic analysis confirmed the existence of antigenic variants cocirculating in the same year ( Fig. 1) , dividing the 13 isolates to which ferret antisera were raised between three major branches (arbitrarily designated A, B and C). All the USA isolates (Ken/81, Ken/90 and Ken/91) and one U K isolate (N/1/93) were on branch A. Branch B, comprised entirely of European isolates, was further divided into two sub-branches. The third, and most antigenically different of the branches, C, contained just two isolates, the Italian isolate 788/91 and HK/92. The division of the isolates suggested differing antigenic reactivity between recent European and American isolates. Particularly noteworthy was the different antigenic reactivities of two viruses (N/1/93 and N / 2 / 9 3 ) isolated at the same time from horses housed in the same yard.
Nucleotide and deduced amino acid sequences of the HA1 gene of equine H3N8 viruses
In order to analyse the genetic evolutionary patterns of equine H3 H A genes, the nucleotide and deduced amino acid sequences of the HA1 domain of recent isolates were determined and compared with published equine H3 HA1 sequences (Fig. 2) .
Generally, once an amino acid had changed it did not change again. However, sequential amino acid changes were observed at residues corresponding to antigenic sites B (159, 189, 199) and D (172, 260) as determined for human influenza virus H3 H A (Wiley et al., 1981) , and also at positions 264 (near site D) and 312. ' A p p a r e n t ' reversions to the original amino acid sequence occurred. For example, the amino acid substitution in Suf/89 at position 244, caused by a transition in the second codon position, did not occur in the later U K isolate Lain/92. However, the deduced amino acid sequences of Ell/89 and Sx/89 demonstrated that variants lacking the substitution at position 244 were circulating at the same time as Suf/89.
There are six potential sites for glycosylation of asparagine residues in the HA1 molecule of all the isolates, located at residues 8, 22, 38, 63, 165 and 285. An additional glycosylation site formed by the substitution of serine (S) for proline (P) at position 55, which first occurred in T/2/71, reappeared in Ten/85 and is shared by all subsequent isolates examined here except Lud/87.
The amino acid sequence of N / 1 / 9 3 was identical to that of Ken/94; laboratory cross-contamination can be ruled out as these viruses were sequenced independently in separate laboratories where the other isolate was not held.
Table 2. Geometric mean HI titres and reactivity patterns obtained with post-infection ferret and equine sera in HI tests
Viruses showing reactions with the antisera similar to the homologous virus (MFD<4) are indicated by shaded cells, whilst an tmshaded cell indicates a significant difference between the heterologous and homologous viruses in their reactions with the antisera (MFD>_4). Homologous titres are underlined, rid, Not determined. Although the Mia/63 and Fow79 viruses failed to react with any of the ferret or equine sera shown here, they did react to reasonable HI titres with gnotobiotic foal serum to Mia/63 and with anti-Mia/63 and New/79 monoclonal antibodies (data not shown 
Phylogenetic analysis of the HA1 genes of equine influenza virus
In the phylogenetic tree constructed from the amino acid sequences (Fig. 3) , the recent isolates separated into two major branches (arbitrarily designated A and B). The majority of viruses in branch A are western hemisphere isolates from the USA and Argentina, with the notable exception of the UK isolates Aru/91 and N/1/93. Branch B consists of European isolates and HK/92, believed to have arisen as a result of importing infected horses from the UK or Ireland (Lai et al., 1994) . The branching pattern differs only slightly in a phylogenetic tree constructed from the nucleotide sequences (not shown). Several amino acid substitutions occurring in the putative antigenic sites proposed for human influenza H3 are 'diagnostic' of the division between recent American and European viruses (Table 3) .
By plotting the number of amino acid and nucleotide differences from Miami/63 against the year of isolation, the evolutionary rate of the equine H3N8 viruses over a period of 31 years (1963 to 1994) was estimated using linear regression analysis. The values obtained, 2-5 nucleotide substitutions and 0.8 amino acid substitutions per year, were in agreement with the rate of approximately 3.1 nucleotides and 0"8 amino acids per year estimated by Bean et al. (1992) .
D i s c u s s i o n
Antigenic analysis of recent equine influenza A H3N8 virus isolates using ferret antisera in HI tests confirmed observations by previous authors (Hinshaw et al., 1983) that antigenic variants of H3N8 codrculate. In addition, however, the data presented here indicated that recent isolates from the USA and Europe differed in their antigenic reactivities. As antigens are 'processed' and presented in association with MHC class II molecules, it is likely that different species of animal will produce antibodies to different determinants on the HA molecule, and that these antibodies will be of differing specificity as noted by Mumford (1992) . ]Ferrets produce highly strainspecific antisera that are therefore useful for distinguishing between closely related strains but may not, as a result, allow distinctions to be made between minor antigenic differences and the major changes that would be of significance in the epizootiology of and vaccination against equine influenza. However, HI tests using equine sera suggested that the antigenic differences detected with ferret antisera are relevant to the equine antibody response.
The molecular basis for variation of equine H3N8 viruses was investigated by nucleotide and deduced amino acid sequencing of the HA molecule. Only the portion of the gene coding for HAl was studied as the 
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Comparison of the sequencing data with the results of antigenicity studies suggested that the number of amino acid substitutions between isolates is not the sole determinant of antigenic difference, but that the location and identity of the substitutions is crucial. Certain amino acid substitutions may have a greater influence on antigenicity than others. The additional N-linked glycosylation site at position 55 (site C) in Ken/87 and all subsequent isolates may explain the degree of antigenic difference between pre-and post-1987 isolates, and in particular the inability of sera from horses infected with post-1987 isolates to inhibit agglutination of Mia/63, Fon/79 and Ken/81. Addition of a host-cell specific carbohydrate can mask amino acids sterically preventing recognition of an antigenic site, and has been observed to be a cause of antigenic change in human influenza A viruses (Caton et al., 1982; Wiley et aL, 1981; Wiley & Skehel, 1987) . Observed antigenic differences are not always readily correlated with corresponding amino acid changes in the HA1 molecule. Differences in avidity between different ferret antisera and viruses can make interpretation of antigenic data difficult. Furthermore, viruses with identical HA1 amino acid sequences may be distinguished antigenically due to post-translational modifications of the HA1, or to a mutation in a viral gene other than the HA1 which, nevertheless, exerts an effect on the antigenic structure of the HA molecule. Thus, both antigenic and genetic analysis should be taken into consideration in the surveillance of equine influenza A viruses.
A bias in the distribution of amino acid substitutions in the HA1 gene in the recent equine influenza virus isolates was observed, with greater variation occurring in antigenic sites B and D than in the other putative antigenic sites. This is in accordance with previous observations (Daniels et al., 1985 ; Oxburgh et al., 1993 Oxburgh et al., , 1994 . There are also more sequential changes in antigenic site B than any other site suggesting that antigenic site B is under greater selective pressure; such an observation is not surprising when it is considered that antigenic site B is located on the tip of the HA molecule. With human influenza A viruses of the H3 subtype, it is antigenic site A, also near the tip of the HA molecule, which is believed to be under greater selection pressure as there are more epidemiologically significant isolates with substitutions in this site and more neutralization escape mutants with substitutions in site A are selected using mouse MAbs (Webster & Laver, 1980; Lambkin et al., 1994) .
Phylogenetic reconstruction of the evolution of equine influenza H3N8 viruses supports the notion of multiple evolutionary lineages of equine H3N8 viruses. Furthermore, the analysis suggests that two separate lineages of equine H3N8 viruses are evolving in Europe and the USA, as has been proposed by Lindstrom et al. (1994) . This could be due to geographical barriers preventing extensive mixing of the two gene pools. Evolution of European and American isolates has apparently diverged since around 1987. There are limitations to any phylogenetic analysis, and the true evolutionary tree for equine influenza H3 virus HA1 would no doubt be more complex than that presented here as the strains examined in this study represent only a small proportion of the total number of equine H3N8 variants that have arisen since 1963. On the other hand, it seems unlikely that the subdivision of recent isolates was influenced by geographical bias in the sampling of viruses; European isolates included viruses isolated in Continental Europe as well as the UK, and American viruses included isolates from Kentucky, Florida and Argentina; in addition, Colorado/92 is similar in sequence to Ken/92 (A. C. K. Lai, unpublished observations).
Sequencing of the HA1 gene of N/1/93 and N/2/93 revealed a molecular basis for the antigenic differences observed between these two viruses isolated at the same time from horses housed in the same yard. The most favourable explanation for the existence of antigenically and genetically different strains during one influenza epizootic in this instance is that more than one different strain existed before the onset of the outbreak and that they became active at the same time or in rapid succession. The N/2/93 strain appears to be genetically as well as antigenically descended from European strains such as Lam/92, whereas the N/1/93 strain shares several amino acid substitutions unique to the American strains isolated around the same time, and shows patterns of reactivity in HI tests with ferret antisera similar to these isolates. Initial epizootiological information suggested that the origin of the outbreak was a horse(s) brought to Lambourn from France (James Wood, personal communication). The finding that the N/1/93 strain was so similar to recent American isolates led to further enquiries being made, and it was discovered that horses were indeed imported into the Newmarket area from America in early November 1993. As an Americanlike strain previously isolated in the UK (Aru/91) has been found to have an HA1 sequence similar to Ken/92 (Lindstrom et al., 1994) , it is feasible that American-like viruses have cocirculated with the European strains since their introduction, and that N/1/93 is a descendant of these. If so it would be expected that the HA1 sequences of such viruses would diverge from the founder sequence, yet the amino acid sequences of N/1/93 and Ken/94 are identical. It is possible that the N/1/93 strain was transmitted back to Kentucky in early 1994, but this seems unlikely from epizootiological evidence. It appears therefore, that the introduction of American isolates to the UK has occurred on at least two separate recent occasions. Whilst there appear to be two lineages of equine influenza viruses cocirculating at present, it is not possible to predict whether this will continue or whether one or other or both of the sublineages will eventually be superseded.
Outbreaks of equine influenza in countries previously clear of the disease caused by importing infected horses have been reported on several occasions Gupta et al., 1993; Lai et al., 1994) . The likelihood of variant viruses emerging in one country and being spread through international transport of horses to other countries and continents emphasizes the need for extensive international surveillance, with co-operation between laboratories in different countries, such as is carried out for human influenza viruses. It would also appear that current quarantine strategies are often inadequate to prevent influenza infections from being transmitted between continents. Since the outbreak of equine influenza in Hong Kong in 1992, The Hong Kong Jockey Club has introduced more rigorous quarantine measures, including routine screening of imported horses for equine influenza virus using methods that can detect subclinical infections (Powell et al., 1995) .
It has been suggested ) that equine influenza vaccines should be regularly updated. However, due to the occurrence of antigenic variants during epizootics, caution must be exercised in the selection of new vaccine strains. With the risk of antigenically and genetically different viruses being imported from America into Europe and vice versa, it may be wise to include representatives of both American and European variants in vaccines. The influence of antigenic variation on vaccine efficacy has not yet been fully elucidated, and a study is currently underway to assess the efficacy of an 'American-like' and a 'European-like' monovalent vaccine against challenge with a European strain.
